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Adherens junctions (AJs) are membrane-anchored
structures composed of E-cadherin and associated
proteins, including catenins and actin. The unique
plasticity of AJs mediates both the rigidity and
flexibility of cell-cell contacts essential for embry-
onic morphogenesis and adult tissue remodeling.
We identified the SUMO protease ULP-2 as a regu-
lator of AJ assembly and show that dysregulated
ULP-2 activity impairs epidermal morphogenesis
in Caenorhabditis elegans embryos. The conserved
cytoplasmic tail of HMR-1/E-cadherin is sumoy-
lated and is a target of ULP-2 desumoylation activ-
ity. Coupled sumoylation and desumoylation of
HMR-1 are required for its recruitment to the sub-
apical membrane during AJ assembly and the
formation of the linkages between AJs and the
apical actin cytoskeleton. Sumoylation weakens
HMR-1 binding to HMP-2/b-catenin. Our study pro-
vides a mechanistic link between the dynamic na-
ture of the SUMO machinery and AJ plasticity and
highlight sumoylation as a molecular switch that
modulates the binding of E-cadherin to the actin
cytoskeleton.
INTRODUCTION
Adherens junctions (AJs) consist of E-cadherin transmembrane
adhesion molecules linked to cytoplasmic structural and regula-
tory proteins. The extracellular domains of E-cadherin mediate
homophilic calcium-dependent cell-cell adhesions that hold
cells together while the cytoplasmic tails interact with the actin
cytoskeleton through catenins (Harris and Tepass, 2010; Hart-
sock and Nelson, 2008). Multiple additional proteins have been
reported to associate with AJs (Zaidel-Bar, 2013). AJs regulate
cell-cell adhesion and are essential for epithelial tissue integrity
and morphogenetic cell movements (Guillot and Lecuit, 2013;
Nishimura and Takeichi, 2009). The ability of AJs to assemble
and disassemble is critical for tissue remodeling during embry-
onic development, regenerative processes in adults as wound
healing, or disease-related processes as tumor invasion (Cavey
and Lecuit, 2009). One of the most studied processes involving
AJ modulation is epithelial bending in both vertebrate and
invertebrate (Takeichi, 2014). In Drosophila embryos, apicalDeveconstriction mediates AJ shrinkage and epithelial bending and
is regulated by actomyosin networks at the apical cortex (Martin
et al., 2009).
The epidermis in Caenorhabditis elegans is a single layer of
cells essential for the establishment of body morphology (Sul-
ston et al., 1983). Epidermal morphogenesis involves changes
in shape and position of epidermal cells as well as interactions
with the developing nervous system and muscles. It starts with
intercalation of two rows of dorsal cells, followed by migration
of ventral cells toward the ventral midline. The movements of
the ventral epidermal cells depend on closure of the gastrula-
tion cleft by the underlying ventral neuroblasts. Once the em-
bryo is enclosed in a sheet of epidermal cells, it is elongated
by actomyosin-based contractions to form a cylindrical worm
(Chisholm and Hardin, 2005; Priess and Hirsh, 1986). Following
the appearance of epidermal cells, AJ proteins accumulate
apically to form AJ complexes. The C. elegans apical AJ is
a single electron-dense structure that combines adhesive
functions, mediated by the cadherin-catenin complex (CCC),
and barrier functions, mediated by the DLG-1/AJM-1 complex
(DAC) (Pa´sti and Labouesse, 2014). HMR-1/E-cadherin is the
only classic cadherin in C. elegans (Costa et al., 1998; Hardin
et al., 2013).
SUMO, a small ubiquitin-like modifier, is covalently attached
to target proteins and is essential for normal development and
viability (Flotho and Melchior, 2013). Sumoylation is a highly
dynamic and reversible modification. Deconjugation of SUMO
from target proteins is known to be regulated by SUMO prote-
ases (Hickey et al., 2012). Ulp/SENP is a family of cysteine pro-
teases that cleave the isopeptide bond between SUMO and
its target protein. These enzymes are also responsible for the
maturation of newly synthesized SUMO prior to conjugation.
In mammals, six SENPs have been reported (Mukhopadhyay
and Dasso, 2007), while in C. elegans, there are four predicted
ULPs (Sapir et al., 2014). Knockout mice resulted in embryonic
lethality, suggesting non-redundant cellular functions (Yeh,
2009). Abnormalities in SENP levels have been reported in
several carcinomas (Bawa-Khalfe and Yeh, 2010). However,
the function of these enzymes in the development of multicel-
lular organisms is still largely unknown. To determine whether
transient sumoylation contributes to the regulation of dynamic
morphogenetic events, we investigated the involvement of
ULP-2 in late stages of C. elegans embryonic development.
We show that ULP-2 is required for normal epidermal morpho-
genesis and that HMR-1/E-cadherin is sumoylated and is a
substrate for ULP-2 SUMO protease activity. Reversible su-
moylation of HMR-1/E-cadherin regulates its recruitment and
function at the apical AJs.lopmental Cell 35, 63–77, October 12, 2015 ª2015 Elsevier Inc. 63
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Figure 1. ULP-2 Is Expressed in C. elegans Epidermal Cells and Underlying Neuroblasts and Is Essential for Epidermal Morphogenesis
(A) Schematic of the ULP-2::GFP reporter construct generated from the entire ulp-2 genomic locus (WormBase: 173859) (http://www.wormbase.org/species/
c_elegans/gene/WBGene00006737#0bc1-9e63dfha84-10); red bar indicates the highly conserved cysteine 743 in the catalytic domain.
(B) Representative confocal images of wild-type (WT) embryos co-expressing ULP-2::GFP and DLG-1::RFP (red fluorescent protein) (Diogon et al., 2007). Images
(representative of n = 86 embryos) were acquired at the end of intercalation (upper row), comma stage (middle row), and 1.5-fold stage (lower row). Arrowheads
indicate nuclei of dorsal and ventral epidermal cells. ULP-2::GFP is functional and partially rescues the ulp-2(tv380) null allele (34% embryonic lethality, n = 1,437
embryos). Scale bar, 10 mm.
(C) Downregulation of ULP-2::GFP expression by ulp-2(RNAi). Representative of n = 44 embryos. Scale bar, 10 mm.
(D) Exon-intron organization of the two identified ulp-2 isoforms, ulp-2a and ulp-2b.
(E) Embryos expressing ULP-2a::GFP andULP-2b::GFP reporters under the control of ulp-2 upstream sequences, dorsal view (representative of n = 20 and n = 14
embryos, respectively). ULP-2a::GFP is both cytosolic and nuclear (yellow line marks a dorsal cell, blue line marks the nucleus, and arrow points to the cytosol),
partially functional and is expressed in the ulp-2(tv380) background in order to achieve stable expression. Scale bar, 10 mm.
(F) 3D homology model of the catalytic domains of ULP-2a and ULP-2b generated with Phyre2 based on the crystal structure of SENP7 (PDB: 3EAY) (Lima and
Reverter, 2008). The catalytic cysteine (C743 in ULP-2 and C926 in SENP7) and additional conserved catalytic residues are shown in stick representation (red).
Loops 2 and 3 are insertions in the catalytic domain of SENP7 (Lima and Reverter, 2008) and are absent from ULP-2. Ribbon representations were prepared with
PyMOL (DeLano, 2002).
See also Figure S1.RESULTS
ULP-2 Is Highly Expressed during Epidermal
Morphogenesis
ULP-2, a member of the Ulp2-like branch of SUMO proteases
(Mukhopadhyay and Dasso, 2007) shares 17% amino acid
similarity with the mammalian SUMO proteases SENP6 and
SENP7 (Figure S1). We assessed the expression of ULP-2 dur-
ing C. elegans embryogenesis using a ULP-2::GFP reporter
harboring ulp-2 genomic locus. This reporter partially rescues
ulp-2(tv380), a predicted null mutant (Figure S2). Expression
was first detected at the 200-cell stage (mid-gastrulation) and
increased during epidermal morphogenesis. ULP-2 was mainly
expressed in epidermal cells but was also detected in the un-
derlying neuroblasts (Figures 1A–1C). RT-PCR of embryonic
mRNA identified two ulp-2 isoforms; ulp-2a, which is ex-
pressed in both the nucleus and cytosol, and the shorter iso-64 Developmental Cell 35, 63–77, October 12, 2015 ª2015 Elsevier Iform ulp-2b, which is expressed solely in the cytosol (Figures
1D and 1E). ULP-2a partially rescues ulp-2(tv380), while ULP-
2b does not rescue this mutant. The catalytic domains of ulp-
2a and ulp-2b have predicted structures homologous to that
of SENP7 (Figure 1F). Together, they suggest that they may
have enzymatic activities toward both nuclear and cytosolic
substrates.
ULP-2 Inactivation Damages Epithelial Morphogenesis
and Is Partially Rescued by Overexpression of HMR-1/
E-Cadherin
Embryos in which ulp-2 expression was silenced by RNAi or
gene mutation—ulp-2(tv380), which we generated by the
CRISPR/Cas9 system (Friedland et al., 2013)—were arrested
(29% and 63.4% embryonic arrest, respectively) during a devel-
opmental window from late gastrulation through epidermal
morphogenesis. Arrested embryos were segregated into threenc.
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Figure 2. ULP-2 KD Causes Dorsal Intercalation, Ventral Cleft Closure, and Epidermal Enclosure Defects in ulp-2(RNAi) Embryos
(A) Developmental timeline of C. elegans embryonic morphogenesis.
(B) DIC stills from a time-lapse movie showing morphogenetic events in WT C. elegans embryogenesis.
(C) DIC stills from time-lapse movies of ulp-2(RNAi) embryos (RNAi performed by injection of ulp-2 double-stranded RNA; dsRNA) (see Supplemental Experi-
mental Procedures). Arrested embryos (29 ± 1.8% of total; n = 940) segregated into threemajor classes. Class I embryos were arrested at late gastrulation prior to
the formation of epidermal cells. Cells in these embryos appeared round and detached, suggesting severe weakening of cell-cell adhesion. Class II embryos
initiated epidermal morphogenesis but were arrested during ventral enclosure. Incomplete enclosure of the embryo by the epidermis caused early rupture and
spill out of internal cells (class II, time [t] = 500 min; dotted line). Class III embryos developed through ventral cleft closure and partial or complete epidermal
(legend continued on next page)
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major classes: (I) late gastrulation failure, (II) cleft/enclosure fail-
ure, and (III) elongation failure (Figure 2; Figure S2; Movies S1,
S2, S3, and S4). To analyze the requirement for ULP-2 activity
during a short time window in epidermal morphogenesis, we
generated an inducible full-length mutant protein, ULP-2C743S,
which contains an inactivating mutation in the catalytic domain.
A similar mutational approach has been used to generate domi-
nant-negative constructs of mammalian SUMO proteases
(Bailey and O’Hare, 2004; Hang and Dasso, 2002). Induction of
ULP-2C743S expression at the end of gastrulation prior to gastru-
lation cleft closure generated a robust and uniform phenotype
characterized by epidermal enclosure failure (Figures 3A–3C,
3G, and 3H; Table S1; Movie S5). During normal development,
ventral neuroblasts migrate to close the gastrulation cleft and
form the substrate for subsequent migration of ventral epidermal
cells (Chisholm and Hardin, 2005; Sulston et al., 1983). In ULP-
2C743S embryos, the ventral cleft remained open, preventing
epidermal enclosure and causing spillage of internal cells
through the ventral surface of the epidermis. This phenotype
was also observed in ULP-2-deficient embryos (class II; Figures
2 and S2) and is reminiscent of embryos with mutations in genes
required for the regulated migrations of ventral neuroblasts
(Chisholm and Hardin, 2005) and of hmr-1/E-cadherin-null
mutant (Costa et al., 1998). HMR-1, the C. elegans ortholog of
E-cadherin, acts redundantly with other complexes (as SAX-7/
L1CAM) to regulate cell adhesion during early embryonic devel-
opment. HMR-1 is essential for epidermal morphogenesis and
is apically enriched at AJs (Armenti and Nance, 2012; Chihara
and Nance, 2012; Costa et al., 1998; Grana et al., 2010). Interest-
ingly, the ventral enclosure failure of ULP-2C743S embryos was
rescued, and a delay in embryonic arrest was observed by
expression of the mutant ULP-2 in the background of a func-
tional HMR-1::GFP strain (Achilleos et al., 2010), thus increasing
the levels of HMR-1 (Figure 3D). This rescue was not observed
when endogenous levels of HMR-1 were reinstated by gfp
RNAi (Figure 3F). The epidermal enclosure arrest phenotype
was also observed when ULP-2C743S was expressed under
the control of the epithelial apical junction protein DLG-1 pro-
moter (Bossinger et al., 2001; McMahon et al., 2001) (Figure 3E;
Movie S5). Since DLG-1 is mainly expressed in epidermal
cells from early epidermal morphogenesis, this observation
supports the requirement for ULP-2 activity during epidermal
morphogenesis.enclosure and were arrested during elongation. Rupture of the epidermis was de
stability was impaired (64% of class III embryos, t = 560 min; dotted line; see also
on the upper right side of each panel.
(D) Dorsal intercalation in WT and ulp-2(RNAi) embryos expressing a DLG-1::RFP
cells are seen in the WT embryo, whereas cell migration is abnormal or blocked
illustrations, the two rows of dorsal epidermal cells are shown in gray and blue. Th
migrations. Seam cells are shown in yellow. Cell numbers are labeled according
(E) Elongation in WT and ulp-2(RNAi) embryos expressing a DLG-1::RFP reporter
single row along the anterior-posterior axis. These cells play a key role in transmi
2(RNAi) embryos, the cells are misshapen and mispositioned (29 of 83 arrested
(lateral view). Cell numbers are labeled according to WormAtlas. Scale bars, 10
(F) Ventral enclosure in WT and ulp-2(RNAi) embryos expressing DLG-1::RFP and
end of ventral enclosure, opposing ventral epidermal cells form contacts at the ven
ventral cleft remains open (Figure S2), and the epidermal enclosure is physically
In (B–F), anterior is to the left. Scale bars, 10 mm.
See also Supplemental Experimental Procedures, Figure S2, and Movies S1–S4
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To further examine the functional association to the CCC, we
analyzed genetic interactions between ULP-2 and the AJ com-
ponents HMP-2/b-catenin andHMR-1/E-cadherin. For these ex-
periments, we subjected animals carrying hmp-2(qm39) (Hardin
et al., 2013; Hekimi et al., 1995), a hypomorphic allele of HMP-2/
b-catenin, to mild ulp-2 RNAi by feeding, a method that results in
low embryonic lethality in wild-type (WT) animals. These em-
bryos displayed an enhanced phenotype consisting of increased
bulge formation (Humpback phenotype) and embryonic lethality
compared to hmp-2 hypomorphs subjected to control RNAi (Fig-
ure 4A). Similarly, mild hmr-1 RNAi (feeding with diluted bacteria)
caused severe epidermal phenotypes and embryonic arrest of
ulp-2(gk916250) hypomorph (Thompson et al., 2013), which
otherwise developed normally (Figure 4B; Movie S6). Of note,
the ulp-2(gk916250) mutants and WT animals show similar
sensitivity to irrelevant RNAi (Figure 4C). The effects of these
mutually enhancing hypomorphic mutations support a functional
interaction between ULP-2 and the CCC and suggest a specific
role for ULP-2 in the regulation of cadherin-based AJs during
epidermal morphogenesis.
HMR-1/E-Cadherin Is Sumoylated In Vivo and In Vitro
To test whether HMR-1 is a direct substrate for SUMO modi-
fication, we performed in vitro sumoylation reactions using a
bacterially expressed cytoplasmic tail of HMR-1 (HMR-1C-tail)
as the substrate. Indeed, immunoblotting with anti-SUMO anti-
bodies identified a molecular weight shift of about 20 kDa in
HMR-1C-tail, indicative of SUMO modification (Figure 5A). In
addition, sumoylation of HMR-1C-tail was abolished by mutagen-
esis of the four lysine residues in HMR-1C-tail to arginine (4K/
4R; Figure 5B). Assays using HMR-1C-tail constructs carrying sin-
gle/double/triple lysine mutations implicated K1177, K1185, or
the highly conserved K1187 as the main SUMO acceptor site(s)
(Figure 5B). These residues are located in the membrane distal
domain of the HMR-1 C-tail that binds b-catenin (catenin-bind-
ing domain; CBD) (Huber and Weis, 2001; Ozawa et al., 1989;
Choi et al., 2009). The recent reported crystal structure of
HMR-1 and HMP-2 (PDB: 4R10) (Choi et al., 2015) shows that
the three HMR-1 C-tail lysine residues (red in Figures 5D and
5E) are located in the conserved a-helix of the CBD and are
exposed, rendering them accessible to post-translational
modifications.tected when muscles started to twitch, indicating that epidermal mechanical
Movies S1–S4). The percentage of arrested embryos of each class is indicated
reporter (top row). Complete intercalation and a single row of dorsal epidermal
in ulp-2(RNAi) embryos (38 of 83 arrested embryos). In the lower schematic
e colors in ulp-2(RNAi) embryos are depicted according to the direction of cell
to WormAtlas (Altun et al., 2002–2015).
(top row). In WT embryos, the lateral seam cells are cuboidal and arranged in a
tting contractile forces to the dorsal and ventral cells during elongation. In ulp-
embryos). Seam cells are shown in yellow in the lower schematic illustrations
mm.
HMP-1/a-catenin::GFP reporters (Raich et al., 1999). In the WT embryo at the
tral midline and establish new junctions. In the ulp-2(RNAi) class II embryo, the
blocked (26 of 81 arrested embryos). Dotted line indicates the opened cleft.
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To determine whether HMR-1 is sumoylated in vivo, we immu-
noprecipitated extracts of HMR-1::GFP embryos with anti-GFP
antibody followed by western blotting with anti-SUMO antibody
(Figure 5F). We identified two slow-migrating forms of HMR-
1::GFP on the anti-SUMO immunoblots (Figure 5F, lanes 2–4),
and these were more abundant in HMR-1::GFP;ulp-2(RNAi)
embryos, suggesting that ULP-2 regulates HMR-1 sumoylation
in vivo (Figure 5F, lanes 3 and 4). This possibility was supported
by the observation that sumoylated HMR-1 was undetectable in
extracts of HMR-1::GFP embryos in which ULP-2 was overex-
pressed via a heat shock promoter (Figure 5F, lane 5, and Fig-
ure 5G). These results indicate that ULP-2 directly deconjugates
SUMO from HMR-1.
Sumoylation of HMR-1/E-Cadherin Inhibits Its Binding to
HMP-2/b-Catenin
In C. elegans, HMP-2/b-catenin is an HMR-1-binding partner
that functions mainly in cell adhesion (Hardin et al., 2013),
whereas other b-catenins play roles inWnt signaling (Korswagen
et al., 2000). Based on the 3D structure of HMR-1 and HMP-2
(Choi et al., 2015), we examined whether sumoylation of
HMR-1 on the exposedC-tail lysine residues influences the inter-
action between HMR-1 and HMP-2/b-catenin. We established
an in vitro binding assay in which immunoprecipitated HMP-
2::YFP (yellow fluorescent protein) (Stetak and Hajnal, 2011)
was incubated with an in vitro sumoylated His-tagged
HMR-1C-tail. Western blot analysis of the reaction products
showed that the binding between HMR-1C-tail and immunopre-
cipitated HMP-2 is reduced by in vitro HMR-1 sumoylation. Incu-
bation of HMP-2 with sumoylated HMR-1C-tail following in vitro
sumoylation (1 hr) abolished the binding (Figures 5H and 5I).
Thus, the interaction between HMR-1 and HMP-2 is negatively
regulated by HMR-1 sumoylation.
HMR-1/E-Cadherin Is Retained along the Basolateral
Membrane, Preventing Its AJ Accumulation When
Abnormally Sumoylated
Next, we asked how sumoylation of HMR-1 affects the assembly
of nascent AJs during embryogenesis. Epidermal cells are born
on the dorsal side of the C. elegans embryo, and HMR-1::GFP is
initially detected along the basolateral membranes and then con-
centrates in punctae at the subapical region as AJs are assem-
bled. Mature, continuous AJs can be detected approximately
1 hr after the appearance of punctae at 20C.Figure 3. Expression of Catalytically Inactive ULP-2 Impairs Epiderma
(A) DIC images of heat-shocked (HS) WT and hsp-16p::ULP-2C743S transgenic em
and n = 74 embryos, respectively). Scale bar, 10 mm.
(B–E) In (B), epidermal enclosure and elongation in WT embryos detected with
Attenuated epidermal enclosure in hsp-16p::ULP-2C743S embryos expressing DLG
and late elongation arrest in hsp-16p::ULP-2C743S embryos expressing HMR-1::G
dlg-1p::ULP-2C743S embryos expressing DLG-1::RFP. Representative of n = 1
epidermal cells, and dashed yellow lines indicate the ventral midline. Scale bar,
(F) Attenuated epidermal enclosure of hsp-16p::ULP-2C743S embryos express
DLG-1::RFP expression pattern is not affected. Representative of n = 17 embryo
(G) ULP-2C743S constructs indicating mutation of the critical catalytic site cysteine
construct, and each line was tested 3–10 times (Table S1).
(H) Comparison of elongation and enclosure arrest phenotypes analyzed by both
parametric Kruskal-Wallis test followed by the Mann-Whitney test. n indicates nu
See also Table S1.
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was followed by measuring the junctional to basolateral fluores-
cence intensity in 10-min intervals, starting from the appearance
of epidermal cells. In embryos carrying WT HMR-1::GFP, fluo-
rescence at the apical AJ increased linearly with time (Figures
6A–6C). In contrast, HMR-1::GFP was retained along the baso-
lateral membrane in embryos subjected to ulp-2 RNAi; thus,
localization of HMR-1 to AJs was abolished. To determine
whether HMR-1 mislocalization in ULP-2-knockdown (KD) em-
bryos was due to hypersumoylation, we generated an HMR-1
construct that mimics constitutive sumoylation by fusion of
SUMO to the HMR-1 C-tail. This approach has been shown to
act similarly to sumoylation on the endogenous acceptor site/s,
probably by mediating the same changes in protein-protein in-
teractions (Broday et al., 2004; Ross et al., 2002). Indeed, the
HMR-1::SUMO::GFP protein also accumulated along the baso-
lateral membrane (Figures 6A–6C), suggesting that unbalanced
sumoylation destabilizes HMR-1 at the AJ and inhibits the direc-
tional basal-to-apical movement of HMR-1, which is mediated
by actin-dependent processes (Hong et al., 2010, 2013; Kame-
tani and Takeichi, 2007) (Figure S4). To test this model, HMR-1
localization was examined in embryos with hmp-2RNAi-induced
impairment of interactions between HMR-1 and F-actin. The
embryos displayed a similar basolateral accumulation of HMR-
1::GFP, suggesting that mislocalization of sumoylated HMR-1
is the result of its dissociation from the actin cytoskeleton, which
may affect both its apical recruitment and its stability at AJ (Fig-
ures 6A–6C; Figures S3A and S3B). Also, surprisingly, overex-
pression of ULP-2, which prevents HMR-1 sumoylation (Figures
5F and 5G), showed HMR-1::GFP basolateral retention (Figures
6A–6C). These embryos were arrested during ventral enclosure
(31%, n = 128), characteristic of class II ULP-2 KD embryos.
This suggests that the directional basal-to-apical movement of
HMR-1 depends on its continuous sumoylation and desumoyla-
tion. Shifting this equilibrium by blocking or increasing sumoyla-
tion abolishes HMR-1 apical recruitment and accumulation at
AJs (Figures 6A–6C; Figure S4B). The function of HMR-1::GFP
and HMR-1::SUMO::GFP constructs was tested by assessing
their impact on the lethal hmr-1(zu389) null phenotype (Costa
et al., 1998). The two constructs partially rescued hmr-1 null
phenotype, while HMR-1::SUMO::GFP was less effective (Fig-
ure S3C), indicating that the abnormal basolateral localization
reflects decreased functionality of the SUMO-fused HMR-1
protein.l Morphogenesis
bryos before closure of the ventral cleft (dotted line). (representative of n = 60
the DLG-1::RFP reporter are shown. Representative of n = 12 embryos. (C)
-1::RFP. Representative of n = 45 embryos. (D) Complete epidermal enclosure
FP. Representative of n = 16 embryos. (E) Attenuated epidermal enclosure of
8 embryos. Yellow arrows indicate the direction of migration of the ventral
10 mm.
ing HMR-1::GFP and DLG-1::RFP and subjected to control or gfp RNAi.
s. Scale bar, 10 mm.
743 to serine (red). Four independent transgenic lines were analyzed for each
DIC and fluorescence microscopy. **p < 0.001; ***p < 0.0001, using the non-
mber of arrested embryos analyzed.
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To examine whether HMR-1 sumoylation also plays a role in
junction remodeling, we compared between dorsal-dorsal and
seam-seam cell junctions. During dorsal intercalation, dorsal
epidermal cells interdigitate between the opposite dorsal cells;
therefore, the junctions between them must be rapidly remod-
eled in order to allow both cell migration and assembly of new
junctions. Along this process, the seam cells are moving
together toward the ventral side; therefore, the junctions be-
tween them are expected to be relatively stable. Analysis of
time-lapse movies of dorsal cells during mid-intercalation
(150 s, two frames per second [fps]) revealed that this epidermal
rearrangement is associated with transient HMR-1::GFP protru-
sions (Figure S3D; Movie S7). We observed a higher rate of
appearance and disappearance of these protrusions in the
migrating dorsal cells of ulp-2 KD embryos compared to WT
embryos. Similar dynamics was recorded in hmp-2(RNAi)
embryos. Importantly, there was non-significant elevation in
this dynamics in double ulp-2(RNAi);hmp-2(RNAi) embryos
compared to the single RNAi conditions. The data suggest
that these protrusions reflect lateral mobility of HMR-1::GFP
complexes at the vicinity of AJ during periods of rapid junctional
assembly and disassembly. This dynamics increases when cad-
herin is dissociated from the actin cytoskeleton in hmp-2(RNAi)
as well as in ulp-2(RNAi) embryos. The seam-cell protrusions
were less active in both WT and ulp-2(RNAi) compared to the
dorsal cells, and only moderate elevation in their frequency
was measured in ulp-2(RNAi) embryos (Figure S3E; Movie S8).
We conclude that ULP-2 activity regulates HMR-1::GFP
dynamics during junction remodeling associated with cell
rearrangements.
Impaired Epidermal Sumoylation Is Dispensable for the
Assembly of the DAC Domain at the Apical Junctions
ULP-2 function could specifically affect the CCC or could also
influence the establishment of apicobasal polarity and the as-
sembly of the entire apical junction. We tested this by using
the DLG-1 reporter to image the basal DAC in embryos express-
ing WT HMR-1::GFP with or without ulp-2 RNAi. In contrast to
loss of polarity and DLG-1 punctae appearance indicating frag-
mented junctions and abnormal apicobasal polarity that have
been reported previously for let-413(RNAi) embryos (Legouis
et al., 2000) (Figures 6B and 6D), DLG-1 localization was normal
in ulp-2(RNAi) and hmp-2(RNAi) embryos. These results indicate
that depletion of ulp-2 specifically affects the CCC (Figure 6D)
and is dispensable for DAC maturation.Figure 4. Genetic Interactions between ULP-2 and Components of the
(A) Abnormal phenotypes (upper panels) and embryonic survival (lower graph) of u
tested groups, hmp-2(qm39);ulp-2(RNAi) embryos have the most severe phenoty
embryonic arrest in the WT background.
(B) Abnormal phenotypes and embryonic survival of ulp-2(gk916250), hmr-1(RN
ulp-2(gk916250);hmr-1(RNAi) embryos have the most severe phenotype. hmr-1 R
onWT embryos. The genomic organization of ulp-2, indicating the premature stop
develop normally due to alternative splicing that excludes exon 8. Scale bars, 1
pendent experiments, as detailed in Table S2.
(C) Phenotypes of WT and ulp-2(gk916250) animals subjected to atp-3 or spe-26
WT embryos to RNAi (p > 0.1 by Student’s t test following the Kolmogorov-Smirno
as indicated in Table S2. n indicates number of animals (atp-3(RNAi)) or gonads
*p < 0.01; **p < 0.001; and ***p < 0.0001, Pearson’s chi square test; n.s., not sig
See also Table S2 and Movie S6.
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Cytoskeleton during Mechanical Tension
Finally, we asked whether mature AJs that are subjected to me-
chanical tension are affected by sumoylated HMR-1. For this, we
analyzed the CCC in ulp-2(RNAi) embryos, which are arrested
only during embryonic elongation (class III; Figures 2 and S2),
a process associated with high mechanical actomyosin tension
on cell junctions. We observed loss of the CCC from AJs, while
the basal DAC was unaffected (Figures 7A and 7B). During
elongation, actin microfilaments become highly organized in a
circumferential pattern in the dorsal and ventral epidermal cells
(Priess and Hirsh, 1986). We detected foci of junctional HMR-1
that appear at the base of each actin bundle, anchoring the bun-
dles to the membrane. Notably, embryos subjected to ulp-2
RNAi exhibited discontinuous HMR-1::GFP foci and collapsed
actin bundles (Figures 7C–7E). The tethering of actin bundles
to AJs is essential for the transmission of contraction forces
into epidermal elongation, consistent with the ulp-2(RNAi)
abnormal elongation phenotype characterized by bulge forma-
tion (Humpback phenotype) and epidermal rupture (Figures 2
and S2). Weakening of the linkage of the CCC with the junctional
actin network may lead to its pulling by the circumferential actin
bundles during elongation (dotted circles in Figure 7D), as shown
previously for the double-mutant hmp-1/a-catenin;unc-94/
tropomodulin (Cox-Paulson et al., 2012). These results demon-
strate that ULP-2 is also required for themaintenance of AJs dur-
ing mechanical stress.
DISCUSSION
AJs constantly assemble and disassemble during develop-
mental and physiological processes such as wound healing
and tissue renewal. In this study, we showed that the highly
conserved SUMO machinery is necessary for the assembly, re-
modeling, and maintenance of epithelial AJs during C. elegans
embryogenesis (Figure S4A). We propose that, during junction
assembly and remodeling, E-cadherin is continuously sumoy-
lated and desumoylated. The non-sumoylated state of HMR-1/
E-cadherin is accessible to b-catenin binding, while downregula-
tion of ULP-2 allows rapid E-cadherin sumoylation and b-catenin
dissociation, thus promoting junctional remodeling (Figure S4B).
We hypothesize that ULP-2 is rapidly changing its direct or indi-
rect affinity to sumoylated HMR-1 C-tail through reversible post-
translational modifications or local changes in protein-protein
interactions.CCC
lp-2(RNAi), hmp-2(qm39), and hmp-2(qm39);ulp-2(RNAi) embryos. Of the three
pe. ulp-2 RNAi was performed by bacterial feeding (*), resulting in low rates of
Ai), and ulp-2(gk916250); hmr-1(RNAi) embryos. Of the three tested groups,
NAi was performed by dilute bacterial feeding (*), which had a moderate effect
codon in gk916250 allele, is shown at the left. Thismutant is viable, and animals
0 mm (Movie S6). n indicates total number of embryos analyzed in three inde-
RNAi, demonstrating that ulp-2(gk916250)mutants are not more sensitive than
v test for normality). Each strain/RNAi condition in (A–C) was tested 3–10 times,
(spe-26(RNAi)) analyzed.
nificant.
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The crystal structure of the C. elegans HMR-1 C-tail-HMP-2
complex (Choi et al., 2015) shows that HMP-2 iswrapped around
the CBD domain of HMR-1 C-tail (as was previously demon-
strated for the human proteins) and that there are four interaction
regions between HMP-2 and HMR-1. The SUMO acceptor sites
that we identified are located in the conserved a-helix of region II;
therefore, sumoylation may interfere with this binding. Binding
through interaction region IV at the C terminus may similarly be
interrupted by the linear SUMO fusion presented in this study.
Impairment of the E-cadherin-actin networks by depletion of
ulp-2 during AJ assembly and during mechanical stress on
mature junctions explain both the DIC (differential interference
contrast) phenotypes (class II/III) and the basolateral accumula-
tion of HMR-1::GFP. Increased HMR-1 levels by expression of
HMR-1::GFP elevated the cellular fraction of both sumoylated
and non-sumoylated HMR-1, thus allowing completion of
epidermal enclosure and delayed embryonic arrest during elon-
gation in the stage-specific expressed dominant-negative ULP-2
construct. Although the directional basal-to-apical movement of
HMR-1 is dependent on normal sumoylation and desumoyation,
and HMR-1 is not recruited normally to the apical cell junctions in
ulp-2(RNAi) embryos, cell polarity is not damaged, as DLG-1
localization is normal in ulp-2(RNAi) and in hmp-2(RNAi)
embryos.
Post-translational Modifications of E-Cadherin C-Tail
Serine phosphorylation of residues S840, S853, and S855 in the
C-tail increases the affinity of E-cadherin/b-catenin binding and
cell adhesiveness (Lickert et al., 2000). Sumoylation of the
C-tail may act upstream of E-cadherin phosphorylation events
to decrease the binding to b-catenin. K816 is the conserved
lysine on human E-cadherin that we highlight as a possible
SUMO acceptor site.We suggest that sumoylation of E-cadherin
transiently masks its interaction surface with b-catenin and, by
this, inhibits the interaction with the actin cytoskeleton. In paral-Figure 5. Sumoylation of the HMR-1/E-Cadherin Cytoplasmic Tail Imp
(A) In vitro sumoylation assays of WT or catalytically inactive (4K/4R) bacterially
and Ponceau staining (lower panel) of HMR-1C-tail or HMR-1C-tail_4K after incubatio
37C. In HMR-1C-tail_4K, lysines at positions 1148, 1177, 1185, and 1187 in the C-
without E2 or without the HMR-1 substrate.
(B) Identification of the SUMO acceptor site in the HMR-1 C-tail. In vitro sumoyla
carrying the indicated mutations (K/R).
(C) Domain organization of the C. elegans HMR-1A (referred to here as HMR-1) i
(EGF), laminin globular domain (LMG), transmembrane region (T), juxtamembran
C-tail (JMD and CBD) sequences. Numbering corresponds to the amino acid p
above the alignment by green arrows (b strands) and a green cylinder (a-helix). Iden
residues in the C-tail of HMR-1 and the conserved lysines in the CBD of E-cadhe
(D) HMR-1 C-tail (green) (PDB: 4R10) and E-cadherin C-tail (blue) (PDB: 3IFQ). Th
(E) Ribbon representation of HMR-1 C-tail with HMP-2 based on the crystal stru
(F) HMR-1 sumoylation in C. elegans embryos. Extracts from the indicated embr
noblotting with anti-SUMO (upper panel). The adjacent SUMO-positive bands sug
or di-sumoylated on one lysine. Lower panel shows anti-GFP immunoblotting of
(G) Induction of ULP-2 in embryos expressing HMR-1::GFP and hsp-16p::ULP-2. E
were immunoblotted with anti-ULP-2 (upper panel) and anti-actin (lower panel) a
(H) Inhibition of HMR-1 C-tail binding to HMP-2 by HMR-1 sumoylation. Extracts
Beadswere incubatedwith in vitro sumoylatedHis-taggedHMR-1C-tail, and react
panel). Middle panel shows anti-GFP of the upper blot. Lower panel shows anti-Hi
60 min of in vitro sumoylation reaction, both sumoylated fraction (high band) and
(I) Band intensity quantification of unbound (blue) and HMP-2::YFP-bound (red
mean ± SD.
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other AJ-associated proteins. SENP6 and SENP7 are the human
orthologs of ULP-2 and can deconjugate poly-sumoylated
chains (Lima and Reverter, 2008). We have not noticed SUMO
chains in our in vivo assays, but it is possible that such chains
are transiently formed during morphogenesis. Alternative lysine
modifications at the C-tail as acetylation may be added following
SUMO deconjugation (Gareau and Lima, 2010).
Tyrosine phosphorylation of E-cadherin by Src induces Hakai-
mediated mono-ubiquitination and lysosomal degradation (Fu-
jita et al., 2002). The interplay between SUMO and ubiquitin is
established (Gareau and Lima, 2010). For example, sumoylation
can drive ubiquitination by SUMO-targeted ubiquitin ligases
(STUbLs), which interact with sumoylated proteins noncova-
lently through SUMO-interacting motifs (SIMs) and mediate the
formation of ubiquitin chains (Sun et al., 2007). An additional level
of regulation of AJ dynamics may be achieved by STUbL-medi-
ated E-cadherin ubiquitination and internalization following its
sumoylation. Analysis of mouse E-cadherin showed that K740
at the proximal C-tail is themajor ubiquitination site and probably
responsible for its degradation by Hakai (Fujita et al., 2002; Hart-
sock and Nelson, 2012). By the activity of a specific STUbL,
sumoylation of the conserved K819 (the mouse putative major
SUMO site) may promote K740 ubiquitination.
Sumoylation of the CCC
Recently, it has been shown for several pathways, such as DNA
repair and the dosage compensation complex on the X chromo-
some, that these complexes are sumoylated on several subunits
to achieve high robustness of the SUMO signal (Pferdehirt and
Meyer, 2013; Psakhye and Jentsch, 2012). According to this,
we anticipate that sumoylation and desumoylation of additional
components of the CCC may contribute to AJ plasticity. One
possible link is the sumoylation of the Rho-like GTPase, Rac1,
which has been implicated in cell migration (Castillo-Lluvaairs HMP-2/b-Catenin Binding
expressed HMR-1 C-tail. Panels show anti-SUMO immunoblots (upper panel)
n with E1 (SAE1/SAE2), E2 (UBC9), SUMO-1, and ATP for 10, 20, or 30 min at
tail were mutagenized to arginine. Control reactions were incubated for 30 min
tion reactions were performed for 1 hr at 37C with WT HMR-1 C-tail or C-tail
ndicating the extracellular cadherin domains (EC1 and EC2), EGF-like domain
e domain (JMD), and catenin-binding domain (CBD). Alignment of E-cadherin
osition in full-length E-cadherin. Secondary structural elements are indicated
tical and similar amino acids are shaded blue and gray, respectively. The lysine
rin family members are shaded in red.
e exposed lysine residues in the a-helix are shown in stick representation (red).
cture (PDB: 4R10).
yos were subjected to immunoprecipitation with anti-GFP followed by immu-
gest that HMR-1 is either sumoylated on one or two lysine residues or is mono-
total lysates.
xtracts of heat-shocked hsp-16p::GFP (control) and hsp-16p::ULP-2 embryos
ntibodies. The estimated molecular weight of ULP-2 is 102.4 kDa.
from HMP-2::YFP transgenic worms were immunoprecipitated with anti-GFP.
ionswere then subjected to immunoblot analysis using anti-His antibody (upper
s immunoblot of the in vitro sumoylation reaction input material (4%). Following
the non-sumoylated fraction of HMR-1 (low band) do not bind to HMP-2.
) sumoylated -HMR-1C-tail of three independent experiments. Values are the
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et al., 2010). Since actin networks at AJs are regulated by
small GTPases and their effectors (Takeichi, 2014), transient
sumoylation of Rac1 may play a role in the regulation of actin
dynamics at AJs.
Direct sumoylation of HMR-1/E-cadherin in late embryonic
development (only few cell divisions) is surprising, since most
of the established SUMO targets are nuclear proteins in dividing
cells (Flotho and Melchior, 2013). However, several plasma
membrane proteins have been shown to be sumoylated, such
as the GluR6 subunit of the kainate receptor that is sumoylated
in response to kainite and triggers receptor endocytosis (Martin
et al., 2007), as well as the gap junction protein Connexin 43
(Kjenseth et al., 2012).
Transient Sumoylation as a Molecular Switch of AJ
Dynamics
Collectively, our results demonstrate a direct link betweenULP-2
SUMO protease and HMR-1/E-cadherin that is essential for
driving morphogenetic processes associated with embryonic
development and tissue homeostasis. Reversible sumoylation
of E-cadherin may be critical to various morphogenetic events;
for example, in Xenupus and chick neural tube formation and
the Drosophila germband extension, during which junctions are
selectively removed and new junctions are formed to enable
cell movement.
Notably, the loss of E-cadherin from AJs observed in ULP-2-
deficient embryos is a feature of the epithelial-mesenchymal
transition (EMT). Abnormal levels of SUMO proteases were
shown to be involved in EMT through regulation of transcription
(Bawa-Khalfe et al., 2012; Ren et al., 2014); however, we suggest
a direct functional link to EMT through regulation of HMR-1/
E-cadherin recruitment to apical cell junctions. Since we de-
tected high nuclear ULP-2 expression in epithelial cells (Figure 1),
we expect that nuclear targets of this SUMO protease are also
involved in epidermal morphogenesis. Given the evolutionary
conservation of both E-cadherin and ULP-2, we expect that
desumoylation of E-cadherin by ULP-2 orthologs may be critical
for manymammalian processes such as wound healing, fibrosis,
and cancer.
EXPERIMENTAL PROCEDURES
Generation of the ulp-2 Loss-of-Function Allele by CRISPR-Cas9
The ulp-2(tv380) allele was generated by using the CRISPR-Cas9 technique as
described previously (Friedland et al., 2013). A ulp-2-specific single-guideFigure 6. Regulated Sumoylation of HMR-1 Is Required for Its Recruitm
(A) Time course of HMR-1::GFP localization in dorsal epidermal cells during inter
right axis to allow visualization of the basolateral membrane. Far right panels sh
indicated by yellow rectangles. Scale bar, 10 mm. ulp-2(RNAi) basolateral accumu
epidermal morphogenesis.
(B) Side views (y-z projections) of a single junction along the lateral membrane (ap
3D reconstructions were generated using Imaris software (Bitplane). Scale bar, 2
(C) Time course analysis of relative junctional/basolateral GFP fluorescence inten
the apical cell junction and the basolateral membrane starting from the appear
analyzed in all embryos. Background subtraction was performed before calculati
Values are the mean ± SEM of the indicated number of embryos. *p < 0.001 by r
(D) DLG-1::RFP expression in dorsal epithelial apical cell junctions of WT, let-413(R
n = 78, and n = 12 embryos, respectively). Intercalation is abnormal in the ulp-2(
See also Table S2.
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as a template. The ulp-2 target sequence, selected according to Friedland
et al. (2013), contains a BamHI site for RFLP as detailed later. The primers
used are in exon 3 (cDNA 198–218 bp):
50-ATGGCAGCGGATCCTTTGGTGTTTTAGAGCTAGAAATAGCAAGTTA
and 50-ACCAAAGGATCCGCTGCCATAAACATTTAGATTTGCAATTCAAT
TATATAG.
WT worms were injected with Cas9 (Peft-3::cas9-SV40_NLS::tbb-2 30 UTR,
25 ng/ml), pU6::ulp2 sgRNA (25 ng/ml), and mCherry (pCFJ104 and pCFJ90,
2.5 ng/ml) expression vectors. mCherry fluorescent F1 progeny (27 animals)
were isolated and genotyped using the primers 50-TCGGTCTACCATAACGTT
and 50-CTCTTTGAACATTAAGGA to generate a fragment of 1,136 bp span-
ning the ulp-2 cleavage site. The PCR products were digested with BamHI
to identify singly disrupted worms. WT genomic ulp-2 yielded two fragments
of 748 bp and 388 bp. Non-digestible fragments were confirmed by sequence
analysis. Heritability was confirmed by genotyping for several generations, and
animals were outcrossed six times to WT worms.
ULP-2 Molecular Analysis and Constructs
The ULP-2::GFP reporter was generated by PCR-mediated fusion of the entire
ulp-2 genomic locus, including 2.5 kb upstream of the ulp-2 gene, to GFP and
the 30 UTR of unc-54 (generated according to Boulin et al., 2006). For analysis
of ulp-2 transcripts, total mRNA from WT embryos was purified using Trizol,
and ulp-2 was amplified by RT-PCR and cloned into pJET1.2. ULP-2a::GFP
and ULP-2b::GFP reporters were generated by cloning each isoform into
pPD95.75 (obtained from Andrew Fire) downstream of the 2.5-kb ulp-2 pro-
moter sequence. To generate hsp-16p::ULP-2, the full-length ULP-2a cDNA
was cloned downstream of the hsp-16-2 promoter in the pPD49.78 vector
(Andrew Fire) containing a newly generated NotI site. For generation of hsp-
16p::ULP-2C743S, the cDNA in pJET1.2 was mutagenized (cysteine 743 to
serine) using the primers:
50-CCAATCCAAGACAACTTTTATGATTCAGGACTTTATGTATTGCATTTC
ATTG and
50-CAATGAAATGCAATACATAAAGTCCTGAATCATAAAAGTTGTCTTGGA
TTGG.
The mutated cDNA was then cloned into the pPD49.78 vector. To generate
dlg-1p::ULP-2C743S, a 2-kb region upstream of the dlg-1 gene was cloned into
pJET1.2, and a PCR-amplified ULP-2C743S and unc-54 30 UTR fragment was
ligated downstream using PciI and ClaI sites.
All constructs were verified by sequencing. Injection, handling, and charac-
terization of transgenic strains were performed according to standard proce-
dures (Mello et al., 1991). At least three extrachromosomal lines and three
integrated lines were analyzed for each construct. Details of the transgenic
strains are given in the Supplemental Experimental Procedures.
Statistical Analyses
All experiments were repeated three times unless indicated. ULP-2C743S
strains were compared with the non-parametric Kruskal-Wallis test, followedent to AJs
calation. Confocal 3D projections were tilted (22.5 in all panels) along the left/
ow the full embryo images, with the position of the magnified view at 50 min
lation is associated with abnormal intercalation and arrest before completion of
ical-basal axis, 4 mm) (top row), and Imaris iso-surface rendering (bottom row).
mm.
sity in embryos of the indicated genotypes. Mean intensities were measured at
ance of dorsal epidermal cells through intercalation. The same junction was
on of the junctional/basolateral ratio. n indicates number of embryos analyzed.
epeated-measures ANOVA followed by Tukey’s post hoc test (Table S2).
NAi), ulp-2(RNAi), and hmp-2(RNAi) embryos (representative of n = 46, n = 19,
RNAi) embryo. Scale bar, 10 mm.
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Figure 7. ulp-2 RNAi Leads to Loss of the CCC
from Apical Cell Junctions and Collapse of the
Actin Cytoskeleton during Embryonic Elongation
(A and B) Confocal images ofWT and ulp-2(RNAi) embryos
expressing DLG-1::RFP and either (A) HMR-1/E-cadher-
in::GFP or (B) HMP-1/a-catenin::GFP reporters. The CCC
is lost from the apical cell junctions upon muscle twitching
in ulp-2(RNAi) embryos, whereas the DAC complex (DLG-
1::RFP) is not affected. Phenotype observed in 19 of 26
and 26 of 40 arrested embryos for HMR-1/E-cadher-
in::GFP and HMP-1/a-catenin::GFP, respectively. Scale
bars, 10 mm (left panels) and 5 mm (far right, magnified
panels).
(C and D) WT (C) and ulp-2(RNAi) (D) embryos expressing
HMR-1::GFP and the actin-binding domain reporter VAB-
10ABD::mCherry (Gally et al., 2009). In WT embryos, actin
bundles are arranged in parallel bands, and HMR-1::GFP
is localized at the base of the actin bundle anchoring it to
the membrane at AJs. In ulp-2(RNAi) embryos, loss of
HMR-1 at the apical junction is accompanied by collapse
and random spacing of actin bundles. Cadherin clusters
that have dissociated from AJs are labeled with circles,
and the original location of each cluster is indicated by an
arrowhead. Phenotype is observed in 31 of 81 arrested
embryos. Magnified views of the boxed regions are shown
in the lower panels. Scale bars, 10 mm (top panels) and
5 mm (bottom panels).
(E) Schematic of WT and ulp-2(RNAi) embryos showing
HMR-1 (green circles) and actin bundles (red lines) at the
apical cortex of a ventral epidermal cell during elongation.
In ulp-2(RNAi) epidermal cells, HMR-1 complexes disso-
ciated from AJs are bound to the apical membrane, and
actin bundles are disorganized.
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by group comparison using the Mann-Whitney test with Bonferroni correction
(Figure 3H). Differences between treatments and strains were analyzed using
Pearson’s chi-square test (Figures 4A and 4B). Data were subjected to the Kol-
mogorov-Smirnov test for normality, and differences between RNAi effects
were then analyzed with a t test (Figure 4C). Differences between treatments
and strains were analyzed with repeated-measures ANOVA, followed by Tu-
key’s post hoc test (Figure 6C). Data were subjected to the Kolmogorov-Smir-
nov test for normality, and differences between the strains were then analyzed
by one-way ANOVA followed by Tukey’s post hoc test (Figure S3C).
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